Introduction: In lower limbs, reliability of propeller perforator flaps (PPF) remains uncertain. The main complication is venous congestion, which can lead to distal necrosis. We aim to highlight if venous supercharging of PPF could substantially limit complications in lower limb coverage. Results: The etiologies of the defect were acute trauma in 67.6% of reconstruction with PPFs and 60% of reconstruction with vsPPFs (P 5 0.826). The average size of the skin paddle was 48.1 6 18.2 cm 2 for PPF and 58.9 619.5 cm 2 for vsPPF, and the average arc of rotation was 126.78 6 33.1 for PPF and 121.38 631.9 for vsPPF. The average sizes and rotation arcs between the two flaps were not significantly different (P 5 0.031, P 5 0.527). The operative time was significantly increased for vsPPF when compared to PPF procedure (128.8 68.5 minutes vs. 81.3 610.1 minutes, P < 0.001). Venous congestion was significantly higher in PPF with 11 cases than in vsPPF with two cases (36.7% versus 6.7%, P 5 0.010). Distal necrosis were significantly higher in PPF with nine cases than in vsPPF with 1 cases (30% versus 3.3%, P 5 0.012). Following poor flap evolution, stitches removal was significantly more frequent in PPF with 11 cases than in vsPPF with one case (36.7% vs 3.3%, P 5 0.002). Leeches application was significantly more frequent for PPF procedures with nine cases, than for vsPPF with one case (30% vs 3.3%, P 5 0.012). The average length of hospital stay for PPF was significantly longer than for vsPPF (8.78 versus 7.11 days, P 5 0.026).
teams Wettstein et al., 2008) . This problem, found for many pedicle flaps, can be limited by performing a venous anastomosis at the distal part of the flap. The venous supercharging procedure is not new, but concerning PPF for the lower limbs, the literature is quite poor. This procedure increases difficulty in performing flap dissection and adds a microsurgical procedure to the intervention but could substantially limit complications associated with PPF in the lower limb coverage. We therefore prospectively compared a series of conventional PPF with a series of vsPPF conducted on lower limbs to cover different types of defects. We aim to highlight if venous supercharging of PPF could substantially limit venous congestion, distal flap necrosis and overall complications, in lower limb coverage.
| P A TI E NT S A ND M E TH ODS
Between November 2011 and 2014, we included a series of 30 patients, prospectively and consecutively, who had undergone PPF to cover loss of substances of the lower limbs. These patients were compared with a consecutive series of 30 patients that had undergone venous-supercharged propeller perforator flap surgery, performed between 2014 and July 2016.
The flaps were based on either posterior tibial artery perforators (PTAP) or fibular artery perforators (FAP), and all operations were performed by two senior surgeons (BC and CH). The study followed the ethical tenets of STROBE (STROBE). All patients gave their oral and written consent.
| Surgical technique

| Propeller perforator flap group
Under general anesthesia, the patient was placed in a supine position.
Preoperative detection of perforator vessels was performed using acoustic Doppler at 8 MHz (HADECO, Bidop ES-100). A Mun and Jeon compression test was systematically conducted in our practice to differentiate perforator vessels and the source vessels Mun and Jeon, 2006) . Measurements and the design of the skin paddle were calculated according to distance with the perforator vessels and then drawn. The dissection was subfascial and the perforator vessels were constantly skeletonized so that the twist was performed without any restriction. After flap harvesting, debridement of the area to be covered was realized. The flap was rotated between 908 and 1808, and then sutured. The stitches were always loosely inserted to limit the risk of skin necrosis caused by constrictions related to the sutures.
| Venous-supercharged propeller-perforator flap group
This surgical technique was similar with regards to the detection of perforator vessels (Figure 1 and Video). In addition, we proximally detected the great saphenous vein for the flap based on PTAP and the short saphenous vein for the flap based on FAP using acoustic Doppler.
The recipient veins (saphenous veins or superficial veins) were also identified before beginning the intervention with the Doppler. The first surgical step was always to confirm the presence of a superficial recipient vein using a small incision beside the Doppler detection site. The flap was then raised with subfascial dissection to preserve the great saphenous vein (for PTAP) or the small saphenous vein (for FAP) centered on the axis of the skin paddle. Flap harvesting along the axis of the saphenous was consistent with the perforasome principles outlined by St Cyr et al. and Taylor and Palmer (Saint-Cyr et al., 2009; Taylor and Palmer, 1987) , where the flap should be oriented along the axis of the main source vessel or the line connecting two perforators, and with the main axis parallel to the axis of growth of the body area (transverse to the trunk and longitudinal to the limbs). Distally in the leg, and depending on the importance of rotation, the saphenous vein was sectioned near the perforator vessels, if necessary, to allow twisting. Finally, the venous anastomoses was performed under magnification after twisting.
FIG URE 1 Schematization of a racquet-shaped PTAP flap with venous supercharging. The flap was harvested with subfascial dissection to preserve the great saphenous vein centered on the axis of the skin paddle. After the twist, a microsurgical anastomosis was performed either on a branch of the saphenous vein (great or short), or any superficial vein. The larger part of the skin paddle was designed on the proximal third of the leg, thus offering greater laxity to allow direct closure of the donor site Venous flow in the vein at the distal part of the flap sometimes takes time to establish; it may take several tens of minutes before a flux appears. Nevertheless, this should not avoid anastomosis, in fact, it is the increase in venous pressure during these first few minutes or hours into the flap that leads to the development of venous flow. Once completed, the distal venous anastomosis was either left in the open air with a fatty dressing or was covered with a thin skin graft. We did not tunnel or suture the skin above the anastomosis, thus avoiding any compression or venous thromboses.
When harvesting supercharged flaps, we made slightly larger flaps.
Indeed, progressively in our series of vsPPFs, we gained confidence and made slightly more substantial skin paddles. We raised racquetshaped flap more frequently in vsPPF procedures, whereas we raised more elliptical flap in PPF procedures.
Postoperative instructions: Patients were immobilized in a splint and the leg was slightly elevated to promote venous return. Antibiotic prophylaxis was implemented if necessary (bone exposure, chronic osteitis) and secondarily adapted to results if there was any infection.
Monitoring of the flap was performed every 2 hours during the first two days, every 4 hours during the next two days, and was then stopped. The patient was allowed to sit on the 4th day and allowed to stand up on the 5th day, depending on healing of the flap.
Data concerning flap size, rotation, donor-site management, duration of surgery, hospitalization, and complications for each group were collected and compared. Moreover, we compared the procedures used in cases of flap complications.
| Statistical Analyses
Categorical variables are expressed as proportions and were compared using Fisher's exact test. Continuous variables are expressed as means and standard deviations (SD), and were compared using Student's t test. A two-sided P values of <0.05 was considered to indicate statistical significance. All statistical analyses were performed using BiostaTGV software (Jussieu, France). Considering a complication rates of >20% in the non-supercharged group (Bekara et al., , 2018 , the number of patients to be included in the vsPPF group was calculated beforehand and required a minimum of 30 patients (alpha risk: 5%, power: 90%). We verified statistically that the groups were comparable according to age, location, type of trauma, comorbidities, and surgical modality of the flaps.
| R E SU LTS
The average age of the included patients was 51 years (range: 15-72 years) in the PPF group and 54 years (range: 21-85 years) in the vsPPF group. The location of the defect was in the medium and distal third of the leg in both groups for >80% of cases. The etiology of the defect was acute trauma in 67.6% of PPFs and 60% of vsPPFs, and then chronic osteitis, coverage of oncological defects, and burns. Regarding comorbidities, 53.3% of patients were smokers in the PPF group versus 60% in the vsPPF group. Age, location of the defect, the etiology of the trauma, and comorbidities did not significantly differ between the groups (P 5 0.257, P 5 0.664, P 5 0.826, P 5 0.886, respectively; Table 1 3.76 versus 7.11 62.37 days, P 5 0.026).
Regarding any complications, venous congestion (transitory or leading to necrosis) was significantly higher in PPF with 11 cases than in vsPPF with two cases (36.7% versus 6.7%, P 5 0.010). Distal necrosis (at least 0.5 cm) were significantly higher in PPF with nine cases than in vsPPF with 1 case (30% versus 3.3%, P 5 0.012).
In terms of complete necrosis of the flap, there was no significant difference between the two groups (P 5 1.0): in fact, complete necrosis remains fairly rare in propeller perforator flap procedure (6.7% for PPF versus 3.3% for vsPPF). Failure of coverage was 16.7% in the PPF group versus 3.3% in the vsPPF group (P 5 0.194) ( Table 2) .
After a coverage failure, concerning PPF, two patients required a negative-pressure wound therapy, followed by a skin graft, we performed two free flaps (two anterolateral thigh flap (ALT)) and one patient benefited of an other local flap (a sural neurocutaneous flap).
In the vsPPF group, we only experienced one coverage failure, which was secondary to a complete flap necrosis of arterial origin (a patient with severe arteriopathy), and finally this required lower limb amputation.
If there was poor initial evolution of the flap, we implemented rescue measures (Table 3) . Stitches removal was significantly more frequent in PPF with 11 cases than in vsPPF with one case (36.7%
vs.3.3%, P 5 0.002). We performed this rapidly when a flap was edematous and the sutures became constrictive. Leeches application was significantly more frequent for PPF procedures with nine cases, than for vsPPF with 1 case (30% vs.3.3%, P 5 0.012). In the PPF group, the use of puncture and dressing heparinization was performed after 20% of procedures, and temporary flap derotation was performed in three cases (10%), although never in the vsPPF group. In total, rescue meas- (Sano et al., 2003) , the sural neurocutaneous flap (Fujiwara et al., 2013; Tan et al., 2005) , and the distally based ALT flap (Komorowska-Timek et al., 2010; Lin et al., 2016) . We also found reports on venous supercharging procedure for the free flaps, such as the DIEP flap, allowing a decrease of complications and failure (Boutros, 2013; Riot et al., 2015) . Nonetheless, PPF of the lower limb an open tibia fracture (Horta et al., 2014) . Described by Hyakusoku et al. in 1991, the use of perforator flap propellers lead to a twist of the pedicle and thus frequently limit venous return (Hyakusoku et al., 1991) . This can cause venous insufficiency and sometimes distal or complete flap necrosis. These venous complications appear more frequent in the lower limb than in the trunk, and thus limit the reliability of our reconstructions with PPF (Eburdery et al., 2016; Oh et al., 2012) . Therefore, our interest here was to discern if anastomosis of the saphenous vein distally to our PPF in the lower limb could limit these complications; and our series show promising results.
A standardized venous supercharging procedure for PPF, as we have described here, has, to our knowledge, not been described in the et al., 2011) . This is a satisfactory solution but is a fairly complex procedure, because provision must be made in a systematic manner to keep a vein distally to the flap in anticipation of potential venous congestion, and this is not always feasible, especially in upper limb (Chaput et al., 2017) .
With this procedure, we have not only significantly reduced our rate of complications with PPF, but have also reduced the length of hospital stay and decreased the use of other surgical procedures.
Indeed, the average hospital stay was significantly shorter with vsPPF (P 5 0.007), which was mainly because of the low percentage of complications or secondary procedures needed in case of coverage failure, thus enabling a shorter time in hospital, with subsequent recuperation at home or in a rehabilitation center. This has increased costeffectiveness and improved health care. However, our operative time was significantly increased, as was the difficulty with the surgical technique because of the microsurgical procedure.
When harvesting conventional propeller-perforator flaps, the skin paddle must be generally elliptical, indeed racquet-shaped flaps seem to be more susceptible to venous congestion. In our series, we have FIG URE 2 A 40-year-old man presented with chronic osteitis following a tibial fracture that had occurred two years previously. A: A venous-supercharged PTAP flap was planned with a racquet-shaped design to cover a chronic osteitis following a tibial fracture. The skin paddle was centered on the great saphenous vein, which was detected using acoustic Doppler. Systematically, a recipient vein was detected for the anastomosis near the defect. B: The great saphenous vein was sectioned and was harvested with the flap. A 908 rotation was performed. C: After debridement, the loss of substance was covered by the flap and a distal venous anastomosis was performed using magnification (the yellow arrow shows the venous anastomosis). D: Neither congestion nor flap necrosis occurred, and the wound healed after 3 weeks. E, F: Results after one year, showing a satisfying healing result and absence of infection evidence that racquet-shaped flaps posed no problem in cases of vsPPF where most of the venous return will be through the venous distal anastomosis of the flap whereas, in classical PPF, venous return has to be achieved through a reduced skin stem, thus favoring venous congestion.
Indeed, the majority of classic PPF procedures that we have performed with a racquet-shaped design have experienced major complications.
Direct closure of the donor site was possible more frequently for vsPPF than PPF: indeed, this was made possible through two mechanisms. Firstly, by the racquet-shaped design and secondly because we made significantly longer flaps and, consequently the distal part of the skin paddle can be placed in the proximal third or medial third of the leg, thus offering greater laxity than the distal portion of the leg. Nonetheless, we are not able to provide guidelines on how large the flap can be as this will depend on many intrinsic and extrinsic factors that differ for each person.
For vsPPF, we consider that two different donor sites are required, first the flap donor site and secondly the recipient vein-donor site.
Concerning the latter, it is sometimes necessary to make several small incisions to find a valid vein. In our experience, the use of acoustic Doppler greatly aided this detection, but sometimes the veins were too small or too short and so another vein needed to be found . We must therefore remain cautious and have a clinical preoperative plan (anatomical location of the veins or visual identification) and rigorous Doppler detection to limit unnecessary scars. Nonetheless, when no veins where found, after two unsuccessful incisions, we abandoned anastomosis and the patients were excluded from the study. In this procedure, donor-site preservation must be kept in mind.
In this study, we never performed an anterior tibial arterialperforator flap as it is much more aleatory to have veins in the skin paddle; indeed, in this scenario, there are never saphenous veins but only superficial veins. For PTAP and FAP, a saphenous vein is constant and can be removed without any adverse consequences. As explained by Lin et al. the act of taking a saphenous vein has absolutely no consequence, it is a superficial system and the deep-vein network will take over (Lin et al., 2016) . There is no impact because saphenous veins contribute <10% to venous-leg return.
The direction of blood flow in the recipient's vein (antegrade flow or retrograde) was never considered as a problem. Indeed, we used veins to obtain maximum usable length; for this, venous anastomosis was done in either an antegrade or retrograde direction (opposite to the physiological flow). It seems that when pressure progressively increases in the flap, drainage in the distal veins takes place whatever the initial direction of flow (Chaput et al., 2017; Riot et al., 2015) .
In a recent meta-analysis of PPF conducted in the lower limb, our team reported comorbidities that were significant risk factors: i.e., being aged >65 years, or having diabetes or arteriopathy. It seems that venous supercharging could overcome, at least in part, these theoretical limitations . The complication rate in our series FIG URE 3 A 56-year-old woman presented with bone exposure on an external malleolus following skin necrosis after osteosynthesis. A: A venous-supercharged FAP flap was planned to cover bone exposure on an external malleolus following skin necrosis after osteosynthesis. The skin paddle was centered on the short saphenous vein (detected by acoustic Doppler), and special attention was made that the donor was self-closing. A recipient vein was found near to the defect to enable anastomosis; in this case, on the back of the foot. B: The short saphenous vein was sectioned, and was harvested with the flap. Debridement was then performed and flap rotation of 1508 was performed. C: The defect was covered by the flap and distal venous anastomosis was performed (the yellow arrow shows the venous anastomosis). D:
No complications occurred and, at 1 year post-surgery, the patient resumed a normal life of PPF surgeries was similar to that reported in the literature Gir et al., 2012; Lazzeri et al., 2013 it is advisable to return to the operating room to check the anastomosis, or to use conventional rescue methods such as puncture/dressing heparinization or leeches . Sutures that are too tight, especially within the first 24/48 hours, are a major contributor to PPF complications (Chaput et al., 2017) . Indeed, during the early hours after surgery, a propeller flap can become edematous and swell. At this time, stitches can cause constriction. In our unit, residents and nurses check for any skin ischemia or flap congestion caused by the stitches the first two days, and they have the instruction to release the sutures in case of bad evolution. We found that flap edema was much less common after vsPPF and significantly reduced the need to release the sutures. (Bektas et al., 2014) .
This study has some limitations. First, the series of patient is limited and a larger study would have allowed more significant results. Secondly, it is two consecutive series and a randomized study would give a higher level of evidence to our work. Then, concerning the procedure, the defect location can be a problem, especially in the heel pad. In this location, superficial veins are rare, so if no vein is usable, it is possible to harvest the contralateral saphenous vein and perform the anastomosis with retrograde direction. Considering the flap donor site, the proximal incision is a bit longer for vsPPF to harvest 4 to 5 cm of saphenous vein. At last, this procedure requires a learning curve especially for doppler detection and vsPPF have been performed later in the study, so learning effect could be considered as potential bias of this study.
Ultimately, distal venous drainage allows us to secure PPF reconstructions and expands the flap "venous perforasome" (Chaput et al., 2017; Ono et al., 2012; Saint-Cyr et al., 2009) . For large loss of substances, free flaps retain their place; however, for small-and mediumsized defects of the lower limbs, vsPPF became for us a valuable procedure in our decision making algorithm.
| C ONC LUSI ON S
Venous supercharging procedure for PPF is a reliable alternative to cover the loss of substances of small-and medium-size in lower limbs, reducing significantly complications related to venous congestion.
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